Ion-beam processing effects on the thermal conductivity of n-GaN/sapphire (0001) J. Appl. Phys. 91, 1277 (2002) The thermal conductivity of n-and p-type doped gallium nitride (GaN) epilayers having thicknesses of 3-4 lm was investigated using time domain thermoreflectance. Despite possessing carrier concentrations ranging across 3 decades (10 15 -10 18 cm -3
I. INTRODUCTION
Owing to its wide bandgap, chemical stability, and comparatively high mobility, gallium nitride (GaN) is commercially established for applications in solid state lighting, 1 defense, and communications.
2 It is also being increasingly pursued for use in power electronics where its large breakdown field may offer enhanced efficiency in smaller packages. 3 Regardless of application, heightened operating temperature is of pernicious influence diminishing not only lifetime but also performance. [4] [5] [6] Parameters determining the operating temperature-including the thermal conductivity of the GaN itself-therefore dictate the capability.
The thermal conductivity of a crystalline semiconductor is dictated by interatomic bonding defining the phonon dispersion and sources of scattering impeding the flux of these phonons. Under ideal conditions, the same strong interatomic bonds that give GaN its wide-bandgap also lead to a thermal conductivity that is nearly twice that of silicon at room temperature. 7 Device layers are not ideal, however. Electronic functionality demands the inclusion of phonon scattering sources. Dopants used to modify the electronic carrier concentration, for instance, cause impurity scattering. Heteroepitaxy providing scalability also imbues dislocations that impede the flow of phonons. The finite thickness of the layers (1-20 lm (Refs. 8-11)) themselves induce boundary scattering. Taken together, the thermal conductivity of a GaN device layer is therefore defined not by the intrinsic material characteristics but rather by the interplay of these extrinsic scattering sources. Here, the relative strength of these sources is investigated.
From a quantitative perspective, measurements 12, 13 and first principles calculations 7 have shown that the thermal conductivity of thick (!100 lm) high-quality GaN is between 230 and 250 W/mK at 300 K. The inclusion of dopants or impurities present in some device layers (n Imp $ 1 Â10 20 cm À3 ), however, reduces this value by nearly 2Â.
14-16 Dislocation densities not uncommon in the devices (N D $ 5 Â 10 8 cm À2 ), 3 meanwhile, cause a similar degradation. 17, 18 Beyond the effects of impurities and dislocations, the finite thickness of a GaN device layer will also lessen the thermal conductivity. Numerous studies have shown that when the mean free path (MFP) of heat carrying phonons is comparable to the layer thickness, boundary scattering inhibits heat transport. 19 In GaN, over half the heat is carried by phonons having a mean free path on the order of 1 lm.
20
Since most GaN device layers have thicknesses on this scale, size effects will therefore impact the thermal conductivity.
Despite this general understanding, the impact of layer thickness on the thermal conductivity of GaN has not been addressed explicitly; this is our aim. To this end, thin (3-4 lm) GaN epilayers having free carrier concentrations of varying level ( 10 16 À 10 18 cm À3 ) and type (n and p) were measured utilizing time domain thermoreflectance (TDTR). By interpreting the results with established scattering models accounting for dislocations, impurities, and boundaries, size effects are shown to dictate the thermal conductivity of GaN layers of reasonable purity (n Imp 5 Â 10 18 cm À3 ) and quality (N D < 1 Â 10 8 cm À2 ) even when tens of microns thick.
II. SYNTHESIS AND CHARACTERIZATION
GaN epilayers (3-4 lm) were synthesized via metalorganic chemical vapor deposition (MOCVD) in a Veeco a)
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Published by AIP Publishing. 120, 095104-1 D-125 system at 200 Torr. Trimethylgallium (TMGa) and ammonia provided the group-III and group-V elements, respectively, while silane and bis(cyclopentadienyl)magnesium (Cp 2 Mg) were used as dopant sources. Epitaxial growth was performed on 1 cm 2 GaN substrates grown by hydride vapor phase epitaxy (HVPE), which were obtained commercially from Kyma Technologies. The electron concentration (N d À N a ) of 4 lm thick n-type samples was determined by capacitance-voltage measurements using a mercury (Hg) probe. Hall effect measurements made on separate calibration layers were used to estimate the hole concentration of 3 lm thick p-type layers doped with Mg. Following growth, p-type layers were thermally annealed at 900 C for 5 min under nitrogen to activate the Mg dopants. Additional p-type epilayers were examined apart from the anneal with the results independent to this process. 21 The HVPE substrates initially possessed dislocation densities on the order of 10 7 cm À2 as confirmed by cathodoluminescence (CL) on wafers from the same vendor. The MOCVD homoepitaxy results in dislocation densities equal to or slightly less than the growth substrate. 22, 23 For the epilayers considered here, order of magnitude estimates obtained from high-resolution X-Ray diffraction (HRXRD) measurements 24 and CL were consistent with this presumption. Variation among samples was less than 10Â. Impurity concentrations were obtained via secondary ion mass spectroscopy (SIMS) with the values shown in Table I .
Room temperature thermal conductivity was measured for each film with the time domain thermoreflectance (TDTR) acquired independently in "round robin" fashion across three separate systems at Sandia National Laboratories and the University of Virginia using both two-color 25 and two-tint 26 implementations. Results among all measurements-regardless of laboratory or implementation-correlated to within the 20% uncertainty typical of TDTR. As addressed in detail previously, [25] [26] [27] [28] the specifics of the current implementation are briefly described below.
Each film was coated with $80 nm of aluminum (Al) using electron beam evaporation. Before coating, the films were cleaned in a two-step process beginning with a 3 min submersion in a 50% solution of hydrochloric acid (HCl) and deionized water (DI) followed by a 1 min submersion in a 1% hydrofluoric (HF) acid solution. After each step, a DI rinse and N 2 dry were employed. TDTR measurements utilized a $100 fs pulse emanating from a Ti:sapphire oscillating laser operating at 80 MHz and centered at 800 nm. Pump and probe beam sizes were focussed collinearly on the sample and ranged in diameter (1/e 2 ) from 40-60 lm and 8-20 lm, respectively. Results were independent of beam size consistent with the expectation. 29 For two-color measurements, the pump is doubled via a 2 mm thick BiB 3 O 5 crystal to 400 nm. The two-tint approach filters different spectral portions of the laser along the pump and probe paths. An electro-optic modulator (EOM) "chopped" the pump beam at frequencies of both 8.8 and 11.3 MHz with the results independent of this parameter. By fitting the ratio of the in-phase to out-of-phase thermoreflectance signal to a model explained elsewhere, [30] [31] [32] [33] GaN's thermal conductivity and its interfacial conductance with the overlaying Al transducer were deduced.
To facilitate fitting, picosecond acoustics quantified the Al thickness assuming a sound velocity of 6420 m/s. 34 Thermal conductivity of the Al was quantified using 4-point resistivity measurements in combination with the WiedmannFranz law. A volumetric specific heat of 2.64 J/cm 3 K (Refs. 35-38) was specified for GaN and its thermal conductivity defined as isotropic. 15, 39 Uncertainty associated with an individual implementation (e.g., two-tint, two-color) of TDTR was calculated via previously reported procedures. 28, 40 Total uncertainty was quantified by vector summing these individual contributions with the variation observed between different laboratories and approaches. Reported values are the mean from all measurements.
III. RESULTS AND DISCUSSION
Thermal boundary conductance ranges in magnitude from 118 to 278 MW/m 2 K in line with the previous measurements 41 independent of either type or degree of doping. Thermal conductivity, in contrast, varies with dopant type and concentration. N-type films exhibit near independence to free carrier concentration possessing an average thermal conductivity of K n ¼ 180 W/mK as shown in Figure 1 . P-type films (K p ), on the other hand, reduce from 160 W/mK to 110 W/mK with less than a decade increase in free carrier concentration. For both sets of films, the thermal conductivity is less than the bulk value of 240 W/mK despite the relatively low dislocation density. In the following, traditional models of phonon scattering are leveraged to interpret these trends-(1) K n,p < K Bulk (2) K n > K p , and (3) K n(p) independent (dependent) to carrier concentration-demonstrating the primary role that size plays in determining the thermal conductivity of micron-scale GaN. Thermal conductivity was quantified via
where the sum is over all polarization branches, q is the wavevector, x is the phonon frequency, k B is the Boltzmann constant, h is the modified Planck's constant, v is the group velocity, and s is the scattering time. Practically, Eq. (1) was evaluated leveraging an isotropic dispersion having characteristics of the C-A direction where each of the polarizationsincluding optical branches 42, 43 -is represented by fourth order polynomial fits to the data of Ruf et al. 44 The scattering time was calculated including Umklapp (s U ), impurity (s I ), dislocation (s D ), and boundary (i.e., size), s B , scattering. Electronphonon scattering was not included as at the free carrier concentrations considered here (nðpÞ < 1 Â 10 19 cm À3 ); its impact is of negligible consequence at 300 K. 13 Supporting this approach, no difference was found in the measured thermal conductivity based on dopant activation.
Umklapp scattering was calculated through s
ðqÞT expðÀC u =TÞ. The coefficients, P and C u , were obtained by fitting the temperature dependent data of Jezowski et al.
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from 100 to 300 K resulting in values of 0.99 Â 10 À19 s/K and 221 K, respectively. Impurity scattering was quantified utilizing the relation s
is the crystal's unit volume 45 and v is the average sound speed. 46 C is a term representing the strength of the scattering stemming from mass and strain perturbations induced by the impurities and was calculated from
where f i is the fractional concentration of the ith atom species such that summing over all atomic species provides the average atomic mass of the crystal given by is the variation of strain induced in the crystal lattice induced the by the ith species as quantified using Pauling ionic radii. 47, 48 It was assumed that Mg and Si formed substitutional defects on Ga sites, whereas C and O integrated into the lattice at N sites. Hydrogen was specified as an interstitial. 49 Scattering from dislocations was evaluated from s
M Þ where the terms in the parentheses correspond to the dislocation cores and the strain fields associated with screw, edge, and mixed dislocations, respectively. These terms were evaluated using the approach of Zou et al. 47 w is a dimensionless empirical parameter stipulated to be 1000. Physically, an increase in w can be viewed as an adjustment to the Klemens formulationknown to underpredict by two to three orders of magnitude for a variety of materials [50] [51] [52] [53] [54] -to more accurately account for heightened anharmonicity imbued to the crystal by the dislocations. 55 Practically, the use of w induces reductions in the thermal conductivity of GaN at densities $10 8 cm À2 in line with Mion et al. 17 even when the size effects are deconvolved from their results.
The mean free path of phonons (MFP) in semiconductors ranges from nanometers to hundreds of microns in extent. 56, 57 For this reason, as a material's thickness approaches these length scales phonon scattering increases relative to bulk. Increased scattering, in turn, reduces the thermal conductivity. To assess the impact of such scattering, size effects are examined by calculating the total scattering time, s s ðqÞ, in Eq. (1) via
where L is the thickness of the sample and F is a nondimensional parameter equal to 2.38 found by fitting the form of this equation to the Boltzmann solution for a film as delineated by Dingle. 58 This form is analogous to that utilized for size effects by Yang and Dames 57 in nanowires. s o ðqÞ is a "bulk" scattering term deduced from Matthiessen's rule, s
Together, Equations (1)-(3) provide a means to calculate the thermal conductivity where fitting is used only to define the nature of phonon-phonon scattering intrinsic to the material (i.e., not sample dependent).
The shaded boxes in Figure 1 were calculated with the above methodology where the bounds result from assuming a dislocation density ranging from 10 6 to 10 8 cm À2 and a thickness of 6200 nm. The broad range of dislocation density is overly conservative but highlights the relatively benign impact of this parameter for the thin films considered here. This will be further discussed subsequently. For both the p and n-type films, the prediction correlates well with the experimental results. Specifically, the model accurately describes the near constancy in the thermal conductivity of the n-type films with free carrier concentration in contrast to the reduction observed in the p-type epilayers. Owing to this correlation, analysis of the scattering terms thus provides a keyhole through which to interpret the experimental trends observed here and those published previously.
To this end, Figure 2 plots GaN's thermal conductivity as a function of thickness, dislocation, and impurity density as calculated via Eq. (1). When not the variable of interest, an impurity concentration of 10 16 cm À3 was specified for all elemental species (Figures 2(a) and 2(b) ). Similarly, when assessing the impact of size and impurities, a dislocation density of 10 4 cm À2 was dictated (Figures 2(a) and 2(c) ). Since at these levels neither impurities nor dislocations are of consequence, Figure 2 thus identifies the "pain point" when each individual parameter begins to degrade thermal conductivity. For example, Figure 2( Figure 2(c) ). For the more highly doped p-type films, the H concentration exceeds this threshold value whereas those more lightly doped reside comfortably below (see Table I ). Thermal conductivity thus reduces with increased doping for the p-type films due to impurity scattering. The n-type films, in contrast, possess impurity levels (i.e., Si) below that impacting thermal conductivity even when highly doped. Consequently, n-type samples are unaffected by impurities and exhibit a thermal conductivity independent to carrier concentration (see Figure 1) . Thermal conductivity remains reduced relative to bulk, however, despite the comparatively low impurity and dislocation densities. For this reason, the size effects are subsequently examined.
Size induces a 10% reduction in conductivity when the GaN layer becomes less than 40 lm. Similar to that predicted by Freedman et al., 20 a 50% reduction occurs for films 1 lm thick. For the 3-4 lm thick epilayers considered here, Figure  2 (a) indicates that even with pristine GaN a thermal conductivity of only 170-180 W/mK can be expected. The n-type epilayers possess dislocation densities of $10 7 cm À2 and a maximum impurity concentration of <2 Â 10 18 cm À3 . From the perspective of thermal transport as outlined in Figure 2 , they are pristine. The observed average value of 180 W/mK is, therefore, dictated by the very size of the film. The p-type layers, in contrast, are not pristine. Compensation requires additional magnesium and hydrogen for similar carrier concentrations relative to the amount of silicon needed for n-type doping. For example, a carrier concentration of 7 Â 10 17 cm
À3
resulted in impurity concentrations of >1 Â 10 19 cm À3 for both Mg and H in the p-type films compared to 2 Â 10 18 cm À3 for the n-type epilayers (see Table I ). Therefore, with increasing doping, the thermal conductivity of the p-type epilayers reduces from its size limited value of 170 W/mK to its size and impurity determined value of 110 W/mK (see Figure 2(c) ). Even in the highly doped p-type epilayer, however, size plays an important role in the determination of thermal conductivity, causing a reduction on par with that of the dopant atoms.
The role of size is not only apparent in the films considered here but in the previously published thermal conductivity values of GaN in aggregate. Figure 3 provides the measured room temperature values of GaN thermal conductivity as a function of sample thickness for the past $40 years since the original report of Sichel and Pankove. 39 An increasing trend with thickness is clearly apparent as highlighted by the dashed curve. This curve is merely a guide to the eye, however, as the composite data represents GaN possessing disparate degrees of dislocations and impurities. To then quantitatively orient the impact of size, dislocations, and impurities, contours are provided in Figure 3 . These contours plot the thermal conductivity as a function of thickness for a given dislocation density over a Si-based impurity concentration spanning 10 16 to 10 20 cm À3 . While most studies do not provide the requisite information for direct comparison to the contours, trends are generally consistent with the expectation in which thicker films rest in contours of lower dislocation density. 17 Using Figure 3 as a heuristic linking sample characteristics to conductivity, implications on the thermal properties of device layers emerge. First, the architecture of both lateral high electron mobility transistors (HEMT) in which the GaN is typically 2 lm thick and power diodes possessing thicknesses of 20 lm dictates that a bulk thermal conductivity will not be realized even if made of "perfect" GaN. Rather, thermal conductivities less than 200 W/mK are more likely. No film less than 100 lm has been reported to have a thermal conductivity greater than 215 W/mK. Second, compensation of intrinsic doping using counter-doping implants is benign to thermal transport as long as total impurity levels remain below 10 19 cm À3 . Third, the impact of doping and dislocations on thermal conductivity lessens as the device layer becomes thinner. It is size instead that dictates the thermal transport.
IV. CONCLUSIONS
From measurements of epilayer films having varying free carrier concentration, size effects are shown to dominate the thermal conductivity of GaN. Quantitatively, GaN's thermal conductivity reduces by half relative to its bulk value for films 1 lm in thickness. GaN device layers are typically on this order and will therefore exhibit thermal conductivities reduced relative to the bulk values even if of pristine quality. Fully capitalizing upon the large intrinsic thermal conductivity of the material is therefore unlikely in current device architectures.
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